The synthesis of Epo in the kidney and liver is strongly induced by hypoxia, thereby contributing to a physiologically appropriate negative feedback loop. The human fetal hepatoma cell line Hep3B produces Epo in a regulated manner: when challenged with hypoxia, the level of Epo mRNA increases 50-to 100-f0ld.~.~ Hep3B cells have been used extensively to test the cis-acting elements of the Epo gene.'-'' Several groups have shown by transfection experiments that there is an enhancer element, located just downstream of the polyA addition site in both the human and mouse Epo genes, that confers a fourfold to eightfold induction in response to
More recently, a minimal 40-bp region within the Epo promoter has been shown to cooperate with the 3' enhancer to give a 40-fold hypoxic induction. ' Transgenic mice studies have demonstrated that if the integrated human Epo gene includes 0.4 kb of the 5' flanking sequence and 0.7 kb of the 3' flanking sequence, the transgene is inducible only in the liver and is constitutively expressed in other tissues that do not normally produce Epo. However, if the transgene includes 6 kb of the 5' flanking sequence, constitutive expression in inappropriate tissues is suppressed, but kidney expression is also absent.'',l2 To have inducible Epo expression in the kidney, the transgene must include 14 kb of the 5' flanking sequence. 13 The identification of sequence homologies among different species can provide further insights into the regulation of the Epo gene. To date, the 3,602 bp of published human Epo sequence extends from 385 bp upstream of the transcription start site to 263 bp downstream of the polyadenylation The 6,857 bp of published mouse Epo sequence extends from 3,379 bp upstream of the transcription start through a portion of the 3' untranslated region (UTR) of exon 5 ending 587 bp downstream ofthe termination of translation. In addition, there is a report of I26 bp of mouse sequence, 120 bp downstream of the polyadenylation site.' To extend and optimize the sequence comparison between the human and mouse Epo genes, we have generated extensive regions of additional human Epo 5' and 3' flanking sequences, as well as additional mouse Epo sequence starting within the 3' UTR and extending into the 3' flank. New regions of strong homology have been identified. Orkin (Harvard Medical School, Boston, MA). A deletion series of the 5' flank of the human Epo gene from the upstream BamH 1 site to the unique E c R 1 site was generated in the vector pXP2 as previously described.' This deletion series of the 5' flank of the human Epo gene was used as a template for dideoxy sequencing using 7-deaza-dGTP and Sequenase (U.S. Biochemical, Cleveland, OH) as described by the manufacturer. Initially, a primer to the polylinker of pXP2 (S'-CCAAGCTCAGATCCAAGC-3') was used to sequence the 5' end of each deletion construct. Subsequent primers for further sequencing were derived from new Epo DNA sequence information. The DNA sequence of the original 10.5-kb human Epo fragment in pUC19 was obtained with forward and reverse primers bracketing the polylinker, as well as with the Epo primers derived above. All sequence coordinates are based on the arbitrary definition of the transcription start site (+ 1) as bp 385 of the GenBank file HUMERPA (accession no. M1 131915). The sequence of the 3' flanking region from +2,940 to +3,198 of the human Epo clone described above was previously reported by us' with one error: a conflict with the HUMERPA file at position 3,434 (+3,050) T versus C was not mentioned. Additional sequence 3'to this region was determined by using a primer (5'-TGTCTCCATTCAAGGCC-3') to a region within the previously reported sequence.
MATERIALS AND METHODS

DNA
A phage, XMGla,16 containing approximately 15 kb of mouse genomic Epo, was obtained from C.B. Shoemaker (Harvard School of Public Health, Boston, MA). A 7.2-kb Xbal fragment from this phage was subcloned into pBluescriptKS(+) and subsequently used as template for dideoxy sequencing as above. Initial primers were made to regions within the previously reported mouse Epo sequence flanking the unsequenced region. The initial 5' primer (5'-CTCAACTAGTGCCCTGC-3') contained nucleotides 3,825 to 3,841 of the GenBank file MUSERP (accession no. M12482I6) within the 3'-UTR of the mouse Epo gene. We found an extra C at 3,875 bp (+3,465, our numbering) of the MUSERP file. The initial 3' primer (5'-GGGTCAAGAGGTCACCC-3') contained nucleo-
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tides 45 to 29 of the GenBank file S70695 (accession no. S70695') within the putative 3' flanking region ofthe mouse Epo gene. Subsequent primers for further sequencing were obtained from new sequence information, which included sequence 3' of the initial 3' primer. The same region of 482 bp beyond the sequence in the MUSERP file was sequenced in an independent clone of genomic mouse DNA that was isolated from a X EMBL3 library of BALB/c mouse genomic DNA generated by Clontech' (Palo Alto, CA) with only one base conflict at +3,901 (G v A). This clone was used to generate 756 bp of an additional 3' flanking sequence. All sequence coordinates are based on the definition of the transcription start site (+1) as bp 41 1 of the MUSERP sequence file.
To identify regions of homology between human and mouse Epo regions, and to locate Alu, B1, and B2 repeat family elements, sequences were analyzed using the Bestfit program" with a gap weight of 5.0, length weight of0.3, average match value of 1.0, and average mismatch value of -0.9. Although, other programs within the GCG package (eg, Gap) were also used to ensure that the analysis did not miss homologies or repeats, the final results given are from the Bestfit analyses as described above.
Nucleotide sequence accession number. The 5' flank nucleotide sequence of the human Epo gene from BumH 1 to Hind3 has been assigned GenBank accession number M97764 (named HUMER-PALU). The 3' flank nucleotide sequence of the human Epo gene has been assigned GenBank accession number L16588 (named HUM3PFEPO). The 3' extension of the nucleotide sequence of the mouse Epo gene has been assigned GenBank accession numbers L13456 (named MUSERYTHRX) and X73471 (named MMERY).
RESULTS AND DISCUSSION
We sequenced the entire upstream region contained within the 10.5-kb BamHl fragment of genomic human Epo, as well as portions ofthe downstream region contained within the fragment. Two independently derived genomic clones of mouse Ep0'3'~ were used to sequence the end of the Table 1 ). Considering only the portion of the human 5' flank (-4,028 to +27) for which there is comparable mouse sequence (-3,378 to +25), there is a total of 1,060 bp (26%) of the human sequence in segments which are, on average, 73.2% homologous to the corresponding segments of mouse sequence, which total 1,068 bp (3 1 %).
The region of homology denoted as region A, which is approximately 3 kb (in mouse) and 4 kb (in human) upstream of the transcription start sites, may extend further than depicted in Table l , since the 5' border is the upstream end of the known mouse sequence. The fact that the first 58 bp (5' side) of this region are 86% identical, suggests that there is more homology extending upstream. A second feature shown by sequence analysis is the presence of five copies of Alu repetitive elements (300 bp each) within the 5' flank (Fig 1 [Alul-Alu5] ), a frequency of one Alu element every 1,000 bp, or 29% of the region ( Table 2) from -5,547 to +27 and -3,379 to +25, respectively. Boxes A to H indicate regions of greater than 23 bp having at least 67% homology between the human and the murine Epo gene (see Table 1 ). Altogether, these regions average 73% homology over 1,060 bp (human) and 1,068 bp (mouse) total. Although the spacing between these regions in the human and mouse genes is not the same, the sequential order is identical. The region designated pF is repeated in region F. Also indicated (by arrows) are the five regions related to the human repeat family Alu (see Table 2 ). Alul through Alu5 are 68% to 76% homologous to the previously identified Alu family member found in the IVS 3 of the human Epo gene (Alu6). 15 The orientation of each Alu element is indicated. A pair of overlapping direct repeats of 24 bp each in the human gene is depicted. The human sequence graphic above includes the 5.1 62 bp of the new 5 flank sequence data in GenBank file HUMERPALU (accession no. M97764) joined at the overlapping Hind3 site to the sequence data in GenBank file HUMERPA (accession no. M113lgrs). The mouse sequence depicted above is derived from the combination of the sequence data from t w o GenBank files, MUSERPC (accession no. M2665226) and MUSERP (accession no. M12482"), joined at the overlapping Xba I site. The B1 and 82 mouse repeat family members, as well as the direct repeats (27 bp each) previously identified,25 are indicated by arrows with the appropriate orientation. Galson, unpublished data). In total, there are at least eight Alu elements in the 10.5-kb BamHl fragment (22%). The expected distribution of Alu elements in the human genome is 5% to lo%, with an average spacing of 5,000 bp between Alu family membersZ0s2'; hence, Alu elements are overrepresented in the region of the human Epo gene. Flanking each of Alu 1 to A h 5 are characteristic imperfect direct repeat~'"*~ 12 to 22 bp long, with 83% to 100% identity within each pair.
The murine Epo gene has a similar clustering of B 1 and B2 repeat elements in the 5' flank25 and within the transcription unit (Figs 1 and 2 , Table 3 ). The B1 repeat family is the murine homolog of the human Alu Within the mouse 5' flank, there are two copies of B1 elements (Bl-a and -b) and one B2 element (B2-a) (Fig I) , a distribution of one B1 element per 1,500 bp. There are three more Bl ele- The regions of homology between the human and mouse Epo sequences were determined as described in the Methods. The span, length, and number of gaps within the homologous regions, as well as percent identity, are indicated for each region. The regions of humanmouse Epo gene homology from exon 1 through exon 3 (between regions H and l) are not presented in this analysis, as they have been previously analyzed and published by Shoemaker and Mitsock." (Fig 2 and Table 3 ), for a total of five copies of Bl repeat elements (one copy per 1,6 19 bp) and two copies of B2 repeat elements (one copy per 4,048 bp) within the 8,095 bp of mouse Epo gene. The expected distribution in the mouse genome is one B 1 repeat element per 6 to 10 kbZ7 and one B2 repeat element per 9 to 15 kb.26 Therefore, both the human and mouse genes possess an unexpectedly large number of short interspersed repeats within and closely flanking the transcription unit.
A schematic representation of the 3' ends (IVS 4 into the 3' flanks) of the human and mouse Epo genes is presented in Fig 2. The additional mouse sequence includes the physically mapped polyA addition site at +3,715." As with the human Epo gene, there is no consensus polyA signal sequence (AATAAA) apparent upstream of the polyA addition site. The closest possible polyA signal in the mouse sequence is TTTAAA, at +3,682 to +3,687.28 The sequence AAGAAC located 10 bp 5' of the poly A addition site in the human gene has been suggested as a potential polyA signal sequence."
Additional regions of homology (not indicated in Figs 1 and 2 and Table 1) between those designated as H and I, have been analyzed and described in detail by Shoemaker and Mitsock.I6 The nucleotide sequence of the protein coding regions are highly conserved as is the amino acid sequence (88% homology). They also noted extensive homology within the 5' UTR and IVS 1 (the overall homology within IVS 1 is 65%), as well as within the regions H (Epo gene promoter) and I (extending from within IVS4 into the 3' UTR). With the addition of new mouse sequence, in particular, it becomes clear that the homology between human and mouse at the 3' end is much more extensive than previously thought. The homology is interrupted in the mouse use only. Table 1 ). At the 3 end of the human sequence, there is a member of the human repeat family Alu (Alu7-inc.), which is incomplete because it extends into the unsequenced region (directional arrow). Two B1 elements and one 82 element within the mouse sequence are also indicated by directional arrows (see Table 3 ). The human sequence presented includes sequence information from the HUMERPA GenBank file (accession no. M1131 915), as well as the new sequence data generated from our clone in GenBank file HUM3PFEPO (accession no. L16588). The mouse sequence presented includes sequence information from the MUSERP GenBank file (accession no. M12482'*), as well as the new sequence data in GenBank files MUSERYTHRX (accession no. L13456) and MMERY (accession no. X73471). See text for details.
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gene by a B 1 repeat element (B 1 -e), thereby elongating the 3' UTR of the mouse relative to the human gene. Thereafter, homology is contiguous through the putative polyA addition sites to a location approximately 125 bp downstream of the 3' oxygen-responsive enhancer positioned between the Apal and Pvu2 sites in both the human and mouse Epo genes.
The short interspersed families of repeated sequences (Ah, B1, and €32) are thought to have been dispersed throughout the genome by a transposon-like mechanism, The mouse B1 (Bl-a and -b) and 82 (B2-a) repeats within the 5 flank and the direct repeats have been previously published.25 Consensus B1 and 82 repeat elements were generated from eight B1 and eleven 82 repeat element sequence GenBank files, respectively, through analysis using the Pileup and Pretty program^.'^ The B1 and 82 repeats within the Epo transcription unit were determined, respectively, by homology to the B1 and 82 consensus elements thus derived. The location and orientation of the repeat elements relative to the Epo transcriptional start site are listed. The previously described direct repeat within the 5'flankZ5 is also listed.
which generates a duplication of the target sequences at the site of insertion such that direct repeats flanking the insertion are ~r e a t e d . " .~~,~~ Accordingly, the insertion of A h 5 resulted in the generation at its borders of direct repeats (in regions pF and F), which correspond to a single location at the Send ofregion Fin mouse (Fig 1) . Interestingly, both in the 5' flank (regions C and D) and within the 3' UTR (regions I and J), the ends of homology regions that are separated in the mouse gene overlap in the human gene, suggestive of direct repeats flanking an insertion element in the mouse gene, but the putative insertion element thus defined is longer than the obvious repeat family member observed to be present (B2-a and B1-e, respectively). This suggests that the insertion event involved a DNA element that was longer than the observed B1 or B2 repeat family member. Indeed, there are also direct repeats immediately flanking the B2-a element,25 indicating that perhaps two separate insertion events occurred in this region, with the B2-a element inserting within a previous insertion element.
There is usually no conservation of sequence in the DNA flanking a transcription unit except at regulatory regions. Therefore, the human:mouse homology regions found extending upstream of the Epo promoter, segments A through G, are suggestive locations to search for regulatory elements. The Alu elements may also play a role in the regula- is required in Epo-producing cells.
NOTE ADDED IN PROOF
Recently, Lee-Huang et ala published 3,892 bp of human Epo 5' flank sequence upstream of the Hind3 site derived from an independent Epo genomic clone that is 97.8% identical to the sequence reported in this paper. They pointed out the presence of a CAAT box and three TATA boxes within this region, and suggested that these elements may serve as upstream promoters involved in the transcription of the Epo gene. This seems unlikely because these elements are not conserved in the 5' flank of the mouse Epo gene.
